Many currently used and candidate vaccine adjuvants are particulate in nature, but their mechanism of action is not well understood. Here, we show that particulate adjuvants, including biodegradable poly(lactide-co-glycolide) (PLG) and polystyrene microparticles, dramatically enhance secretion of interleukin-1␤ (IL-1␤) by dendritic cells (DCs). The ability of particulates to promote IL-1␤ secretion and caspase 1 activation required particle uptake by DCs and NALP3. Uptake of microparticles induced lysosomal damage, whereas particle-mediated enhancement of IL-1␤ secretion required phagosomal acidification and the lysosomal cysteine protease cathepsin B, suggesting a role for lysosomal damage in inflammasome activation. Although the presence of a Toll-like receptor (TLR) agonist was required to induce IL-1␤ production in vitro, injection of the adjuvants in the absence of TLR agonists induced IL-1␤ production at the injection site, indicating that endogenous factors can synergize with particulates to promote inflammasome activation. The enhancement of antigenspecific antibody production by PLG microparticles was independent of NALP3. However, the ability of PLG microparticles to promote antigen-specific IL-6 production by T cells and the recruitment and activation of a population of CD11b ؉ Gr1 ؊ cells required NALP3. Our data demonstrate that uptake of microparticulate adjuvants by DCs activates the NALP3 inflammasome, and this contributes to their enhancing effects on innate and antigenspecific cellular immunity.
Many currently used and candidate vaccine adjuvants are particulate in nature, but their mechanism of action is not well understood. Here, we show that particulate adjuvants, including biodegradable poly(lactide-co-glycolide) (PLG) and polystyrene microparticles, dramatically enhance secretion of interleukin-1␤ (IL-1␤) by dendritic cells (DCs). The ability of particulates to promote IL-1␤ secretion and caspase 1 activation required particle uptake by DCs and NALP3. Uptake of microparticles induced lysosomal damage, whereas particle-mediated enhancement of IL-1␤ secretion required phagosomal acidification and the lysosomal cysteine protease cathepsin B, suggesting a role for lysosomal damage in inflammasome activation. Although the presence of a Toll-like receptor (TLR) agonist was required to induce IL-1␤ production in vitro, injection of the adjuvants in the absence of TLR agonists induced IL-1␤ production at the injection site, indicating that endogenous factors can synergize with particulates to promote inflammasome activation. The enhancement of antigenspecific antibody production by PLG microparticles was independent of NALP3. However, the ability of PLG microparticles to promote antigen-specific IL-6 production by T cells and the recruitment and activation of a population of CD11b ؉ Gr1 ؊ cells required NALP3. Our data demonstrate that uptake of microparticulate adjuvants by DCs activates the NALP3 inflammasome, and this contributes to their enhancing effects on innate and antigenspecific cellular immunity.
Caspase-1 ͉ IL-1 ͉ microparticle V accination with most purified vaccine antigens does not elicit strong adaptive immune responses unless adjuvants are included to promote innate immunity. Although many substances have been investigated for their potential to enhance vaccinespecific immunity, the most common adjuvants in clinical use are insoluble aluminium salts, generically referred to as alum (1) . Alum comprises crystalline aluminum oxyhydroxide as small primary particles (2) , which form aggregates of 1-20 m in diameter (1) . The ability of particulates to promote vaccine-specific immunity has been recognized for more than 80 years (3, 4) . Because alum is not optimal for all protein antigens and is relatively ineffective at promoting cell-mediated immunity, other particulate adjuvants, including biodegradable poly(lactide-co-glycolide) (PLG) microparticles and emulsions are under investigation (5, 6) . These particulates are distinguished from adjuvants, such as Toll-like receptor (TLR) and nucleotide-binding oligomerization domainlike receptor (NLR) ligands, which are sensed directly by pathogen recognition receptors (7) .
Activation of innate immunity is required to induce and direct adaptive immune responses to vaccines. Dendritic cells (DCs) are central in this respect because they are the most potent antigenpresenting cells and are specialized for uptake of antigens, migration to lymph nodes, and activation of naïve T cells (8) . The interaction of pathogen-derived or ''danger''-associated factors, including TLR and NLR ligands, with DCs leads to ''maturation,'' which increases their efficiency in promoting T cell activation (8) .
Alum can enhance antigen-specific antibody responses in mice deficient in the TLR adaptors MyD88 and TRIF (9-11), although alum-mediated induction of antigen-specific T cell responses relies on DCs and is dependent on MyD88 and uric acid (12) . Currently, the mechanism of action of particulate vaccine adjuvants is not fully understood (13) , and this is particularly the case for polymeric microparticles.
Interleukin-1␤ (IL-1␤) is a potent proinflammatory cytokine that exerts multiple effects on the immune system (14) , which include promoting the differentiation of Th17 cells (15) . The production of IL-1␤ requires 3 steps: (i) priming: the production of pro-IL-1␤; (ii) processing of pro-IL-1␤ by caspase 1 to generate the 17-kDa ''mature'' IL-1␤; and (iii) release of mature IL-1␤ from the cell (16) . Processing of pro-IL-1␤ requires assembly and activation of inflammasomes (17) , which are cytoplasmic multiprotein complexes that contain an NLR and caspase 1 (18) . The NALP2/ NALP3 inflammasome contains NALP2 or NALP3, the adaptor proteins CARDINAL and ASC, and caspase 1 (19) . NALP3 is present in the cytoplasm of DCs (20) and associates with ASC, leading to the recruitment of caspase 1, which is autocatalytically cleaved to produce an enzymatically active heterodimer of 2 p20 and 2 p10 chains (21) . A number of factors can activate the NALP3 inflammasome, including microbial nucleic acids (22) , muramyl dipeptide, toxins (23, 24) , asbestos, silica (25) , alum (11) , and the endogenous stimuli, ATP, (24) monosodium urate, and calcium pyrophosphate dihydrate crystals (26) . However, the role of this pathway in microparticle-induced immune responses has not been determined, and there have been conflicting reports on the role of NALP3 in adjuvanticity (27) . Therefore, we investigated the role of NALP3 in the induction of innate and adaptive immune responses by microparticulate vaccine adjuvants.
Uptake of Particulate Adjuvants Is Required for Their Ability to
Promote IL-1␤ Secretion. PS microparticles of 430 nm, 1 m, 10 m, and 32 m were used to establish the relationship between particle size and enhancement of IL-1␤ secretion. The 1-m particles were most potent in promoting IL-1␤, followed by 430-nm particles, 10-m particles, and 32-m particles ( Fig. 2A) . Enhancement of IL-1␤ secretion by PLG microparticles was similarly dependent on particle size (data not shown). PS particles of 430 nm and 1 m in size were efficiently taken up, whereas there was limited uptake of 10-m particles, and 32-m particles were not endocytosed (Fig.  2B) . Preincubation of DCs with cytochalasin B and cytochalasin D, which inhibit actin filament assembly and phagocytosis, abrogated the enhancement of IL-1␤ secretion by the particulates (Fig. 2 C  and D) .
To establish whether the promotion of IL-1␤ secretion required the particle and TLR ligand to be presented simultaneously to DCs, particles and LPS were added to cells at the same time or separated by 6 or 24 h. Enhancement of IL-1␤ secretion was greatest when particles were added to cells between 6 h before and 6 h after the TLR agonist, but was detectable even when the addition of the particles and TLR ligand was separated by 24 h (Fig. 2E ).
Particulate Vaccine Adjuvants Promote the Processing and Secretion
of IL-1␤ and Caspase 1. Neither PLG microparticles nor PS microparticles nor alum induced synthesis of pro-IL-1␤ (31 kDa) in DCs (Fig. 3A) . Additionally, the particulates did not enhance the levels of pro-IL␤ in cells when added together with LPS. When cells were stimulated with both particulates and LPS, processed IL-1␤ (17 kDa) was detected in supernatants (Fig. 3B) . Because caspase 1 processes pro-IL-1␤ into mature IL-1␤, we determined whether the particles promoted IL-1␤ processing by activating caspase 1. The particulates synergized with LPS to promote caspase 1 activation but had no effect on their own (Fig. 3C ). In addition, incubation of DCs with PLG microparticles and LPS promoted the secretion of processed caspase 1 (Fig. 3D) . (Fig. 4A) . Furthermore, microparticle-mediated enhancement of IL-1␤ secretion (Fig. 4B ) and caspase 1 activation (Fig. 4C ) was detected in DCs from wild-type but not NALP3 Ϫ/Ϫ mice. Microparticles also enhanced the secretion of IL-18, and this was NALP3-dependent [supporting information (SI) Fig. S1 ]. In contrast, production of IL-6 and 
TNF-␣ in response to LPS or LPS and particles was comparable in WT and NALP3
Ϫ/Ϫ DCs, demonstrating that there is no global defect in the production of proinflammatory cytokines in these cells (Figs. S2 and S3).
Activation of caspase 1 by monosodium urate crystals (28) but not intracellular pathogens (29) required K ϩ efflux. We found that KCl concentrations of greater than 50 mM inhibited IL-1␤ secretion in response to LPS and particulate adjuvants (Fig. 4D) .
The dye, acridine orange, is cationic and concentrates in acidic compartments, leading to the formation of dimers and the appearance of red fluorescence (30) . Uptake of microparticles by DCs resulted in a reduction in red fluorescence, indicating a loss of lysosomes (Fig. 4E) . Pretreatment of cells with bafilomycin A, an inhibitor of the vaculolar H ϩ ATPase, significantly reduced microparticle-mediated enhancement in IL-1␤ secretion (Fig. 4F) . Lysosomal acidification is required for activation of proenzymes, including cathepsin B. Inhibition of cathepsin B with the specific inhibitor CA-074-Me significantly reduced secretion of IL-1␤ in response to particulate adjuvants (Fig. 4G ).
Particulate Vaccine Adjuvants Promote the Secretion of IL-1␣ from
DCs in a Caspase 1-Dependent Manner. Coincubation of DCs with LPS and microparticles strongly enhanced IL-1␣ secretion. This effect was significantly suppressed when cells were pretreated using a caspase 1 inhibitor, but it was not totally abrogated (Fig. 5A ). However, although particle-mediated IL-1␣ secretion was significantly reduced in DCs from NALP3 Ϫ/Ϫ mice, this reduction was much less than in the case of IL-1␤ (Fig. 5B) . Moreover, particlemediated enhancement of IL-1␣ secretion was only partly dependent on particle uptake (Fig. 5C ), lysosomal acidification (Fig.   5D ), and cathepsin B activity (Fig. 5E) , and it was not completely blocked by inhibiting K ϩ efflux (Fig. 5F ).
NALP3 Is Not Required for the Enhancement of Antibody Responses by Microparticles but Is Involved in Promoting Cell Recruitment and
Antigen-Specific Cellular Immunity. Our data indicate that in vitro, a TLR ligand is required in combination with particulate adjuvants to promote IL-1␤ secretion. However, these adjuvants are normally injected in the presence of TLR agonist-free antigens. We injected mice with either PBS or with keyhole limpet hemocyanin (KLH) alone or together with particulates. IL-1␤ was not detected in mice injected with PBS or KLH alone, but it was detectable when KLH was injected together with particulates (Fig. 6A ). These data suggest that the ability of particulate vaccine adjuvants to promote the induction of IL-1␤ in vivo does not require pathogen-derived TLR ligands. In support of this, we found that high-mobility group box 1 (HMGB1), which is released from necrotic cells (31), can synergize with particulate adjuvants to promote IL-1␤ secretion by DCs (Fig. 6B) . Intraperitoneal injection of mice with ovalbumin (OVA) in the presence of PLG microparticles induced significantly higher antigen-specific antibody responses than antigen alone. This was not NALP3-dependent, because comparable titers of OVA-specific IgG1 and IgG2b were detected in NALP3-deficient and IL-1R1-deficient mice (Fig. 6C) . However, 20 h following injection there was a significant increase in the numbers of CD11b ϩ Gr1 Ϫ cells in the blood of mice injected with PLG microparticles compared with PBS, and this response was significantly reduced in NALP3 Ϫ/Ϫ mice (Fig. 6D ). In addition, there was a significant increase in expression of the costimulatory molecule CD86 on CD11b ϩ Gr1 Ϫ cells in the peritoneal lavage of mice injected with PLG compared with PBS, and this was significantly reduced in NALP3 Ϫ/Ϫ mice (Fig. 6E) . Furthermore, subcutaneous immunization with OVA and PLG microparticles significantly enhanced antigen-specific IL-6 production by spleen cells compared with injection of OVA alone, and this was abrogated in NALP3 Ϫ/Ϫ mice (Fig. 6F) . There was no difference in antigen-specific IgG1 antibody titers in sera from these mice (data not shown).
Discussion
Particulates, including biodegradable PLG microparticles, emulsions, alum, and calcium phosphate, are the most widely used vaccine adjuvants (32) . However, the means by which these adjuvants stimulate innate immunity are unclear (13, 32) . Here, we demonstrate that particulate vaccine adjuvants promote activation of the NALP3 inflammasome and secretion of IL-1␤, IL-18, and IL-1␣. The ability of alum to enhance IL-1␤ secretion (33, 34) via NALP3 (11, 35) has been described, but our data indicate that this is not specific to alum but is a general property of all particulate adjuvants. Indeed, similar responses were seen in DCs with chitosan, aluminium phosphate, and calcium phosphate (data not shown). Our finding that PS microparticles promote NALP3 inflammasome activation in DCs is in contrast to a recent report on human macrophages (25) . The latter study used the beads at a concentration of 0.5 mg/mL, but we consistently found PS particles (from a number of commercial sources) to be a potent stimulus for IL-1␤ secretion at concentrations greater than 0.6 mg/mL, and particularly at 3 mg/mL. Recent studies indicate that induction of antigen-specific antibody responses by particulate vaccine adjuvants, including alum and Freund's complete and incomplete adjuvants, did not require signaling through TLRs (10, 36) . However, induction of antigenspecific Th1 responses (by Freund's complete adjuvant) but not Th2 responses (by alum) was compromised in MyD88-deficient mice (9) . Adjuvants such as Freund's complete adjuvant contain TLR agonists and may be reliant on TLR-mediated signaling for induction of Th1 responses, whereas particulate adjuvants that are free of pathogen-derived TLR/NLR ligands may not require these pathways. This may explain why such adjuvants are less effective in promoting Th1-type responses. However, the induction of cellular immunity by alum did require MyD88 and uric acid (12) , and the acute inflammatory response to silica and alum required IL-1R1 (30), so MyD88 does play a role in the innate response to alum. It was shown recently that enhancement of humoral and cellular (11) adaptive immunity by alum was NALP3-dependent, although later reports suggested that NALP3 was dispensable for alum-driven antibody responses (35, 37) . Our data demonstrate that the ability of PLG microparticles to potentiate antigen-specific antibody responses was intact in NALP3-deficient mice, but cellular immunity was compromised. Specifically, we found that injection of PLG microparticles promoted recruitment and activation of a population of CD11b ϩ Gr1 Ϫ cells and enhanced antigen-specific IL-6 production. Both of these effects were reduced in NALP3 Ϫ/Ϫ mice.
Activation of the NALP3 inflammasome by microparticles is dependent on particle uptake, lysosomal acidification, and cathepsin B activity. These data support recent findings that silica crystals, alum (30) , and amyloid fibrils (38) activate the NALP3 inflammasome by a process requiring lysosomal acidification and rupture and cathepsin B activity. In addition, we found that elevation of the extracellular K ϩ concentration abrogated the ability of particulate vaccine adjuvants to enhance IL-1␤ secretion. Low intracellular potassium concentration promotes activation of the NALP3 inflammasome (28) , whereas physiological concentrations of K ϩ block recruitment of caspase 1 to ASC, possibly because of NALP3 oligomerization (28) .
Microparticulate adjuvants also strongly enhanced IL-1␣ secretion by DCs, and this was dependent on caspase 1. This supports a recent report on regulation of an unconventional secretion pathway for proteins, including IL-1␣ by active caspase 1 (39) . Additionally, although IL-1␣ secretion was reduced in NALP3-deficient cells, there was still a significant particle-mediated enhancement in IL-1␣ secretion and, in contrast to IL-1␤, neither lysosomal acidification nor cathepsin B activity was required.
Our data demonstrate that particulate adjuvants are potent activators of the NALP3 inflammasome in the presence of a TLR agonist. However, when injected as vaccine adjuvants, no TLR adjuvant is generally included. The second stimulus required to promote inflammasome activation in vivo may derive from an endogenous source. It has been proposed that induction of tissue damage is an effective means to activate immune responses (40) , and dying cells may release endogenous danger signals that can amplify and sustain T cell-dependent immune responses. Indeed, it was proposed that the efficacy of alum in promoting activation of DCs and adaptive immunity required the release of uric acid (12) . However, we did not find a role for uric acid in the ability of microparticles to promote IL-1␤ secretion in vitro (Fig. S4) . IL-1␤ and IL-1 ␣ may also act as endogenous danger signals (41) . Injection of either PLG or PS microparticles or alum led to increased concentrations of IL-1␤ at the injection site, suggesting that endogenous factors can synergize with the adjuvants to drive IL-1␤ production. We found that the endogenous danger signal HMGB1 (31), which is released from necrotic cells, can synergize with microparticles to promote IL-1␤ secretion. Although this does not prove that HMGB1 is required for the immunomodulatory effects of PLG microparticles in vivo, it does show that endogenous factors can replace pathogen-derived stimuli as a second stimulus, in conjunction with microparticles, to promote IL-1␤ production by DCs.
Our finding that NALP3 is not required for PLG microparticles to promote antigen-specific antibody responses is in line with recent reports on alum-driven antibody responses (37, 35) , but is in contrast to other studies (11, 42) . However, our data indicate that the recruitment and activation of innate immune cells and the induction of antigen-specific IL-6 production by microparticles require NALP3. This supports a recent report that the influx of inflammatory cells and activation of adaptive cellular immunity by alum are dependent on NALP3 (37) . In conclusion, we show that polymeric microparticle adjuvants activate the NALP3 inflammasome, and this contributes to activation of innate and antigenspecific cellular immunity.
Materials and Methods
Materials. PLG(RG503) with a copolymer ratio of 50:50 was from Boehringer Ingelheim; polyvinyl alcohol (M r 15,000) was from MP Biomedicals; and dioctyl sodium sulfosuccinate sucrose, mannitol, and all other chemicals were from Sigma. Acetone was from EMD Chemicals. PLG nanoparticles and microparticles were prepared by the solvent displacement method (43) . PS nanospheres (430 nm) were from Corpuscular, and alhydrogel [2.0% Al(OH) 3]; alum was from Brenntag Biosector. TLR agonists were obtained from Invitrogen, YVAD-fmk was from Backem AG, and bafilomycin A and CA-074 were from Sigma.
Cell Culture. Female C57BL/6 mice were obtained from Harlan Olac and were used at 8 -16 weeks of age. NALP3 Ϫ/Ϫ mice were bred in the Trinity College Dublin Bioresources Unit. Animals were maintained according to the regulations of the European Union and the Irish Department of Health. Bone marrow-derived DCs were generated as described previously (44) . Cells were plated out on day 10 and stimulated with particulates and TLR agonists on day 11. All in vitro experiments were carried out a minimum of 3 times.
Determination of IL-1 and Caspase 1. DCs (5 ϫ 10 5 /mL) were cultured at 37°C for 30 min to 24 h with particulates alone, TLR agonists (LPS, CpG-ODN, poly I:C, PAM3Csk) alone, particulates and TLR agonists together, or medium alone. In certain experiments, DCs were incubated with YVAD-fmk, bafilomycin A, cytochalasin B or D, CA-074, or KCl (50 mM) before addition of particulates and TLR agonists. Cytokine concentrations in supernatants were determined by immunoassay (IL-1␤ detection limit 8 pg/mL; R&D Systems). Supernatants mixed with and cells lysed in Laemmli sample buffer were boiled and separated by SDS/PAGE. Pro-IL-1␤ and mature IL-1␤ were determined in cell lysates and supernatants by
